In this paper, we demonstrate that angstrom thick single atomic layer deposited (ALD) ZnO passivation can significantly improve the photoelectrochemical (PEC) activity of hydrothermally grown TiO 2 NWs. It is found that this ultrathin ZnO coating can passivate the TiO 2 surface defect states without hampering the carrier's transfer dynamics. Moreover, a substantial improvement can be acquired by changing the deposition temperature of the ZnO layer (80 °C, and 250 °C) and named as 80 °C TiO 2 -ZnO, and 250 °C TiO 2 -ZnO. It was found that the deposition of this single layer in lower temperatures can lead to higher PEC activity compared to that deposited in higher ones. As a result of our PEC characterizations, it is proved that photoconversion efficiency of bare TiO 2 NWs can be improved by a factor of 1.5 upon coating it with a single ZnO layer at 80 °C. Moreover, considering the fact that this layer is a passivating coating rather than a continuous layer, it also keeps the PEC stability of the design while this feature cannot be obtained in a thick shell layer case. This paper proposes a bottom up approach to control the electron transfer dynamics in a heterojunction design and it can be applied to other metal oxide combinations.
Since the first demonstration of photoelectrochemical (PEC) water splitting by Fujishima and Honda in 1972 1 , a vast variety of materials and design architectures have been exploited over the last five decades to meet the rising demand for larger photoelectrochemical energy conversion [2] [3] [4] [5] [6] . However, despite all of these efforts, PEC water splitting remains in its early stages with stable efficiencies far less than 10%, which is the required limit for commercial applications 7 . Among all of the employed semiconductors, titanium dioxide (TiO 2 ) has been the core building block of many water splitting cells mainly owing to its high chemical stability, low-cost, non-toxicity, and high resistance to photocorrosion [8] [9] [10] . However, the main bottleneck with this metal oxide is its large optical band gap (~3 eV for rutile phase) that makes it inactive under visible and near infrared light irradiation. Moreover, due to the low mobility of carriers in TiO 2 , the collection efficiency of carriers is significantly hampered by surface and bulk defect state mediated recombination. These deficiencies restrict the maximum solar-to-hydrogen efficiency of TiO 2 to a theoretical value of 2.2% 11 . Therefore, the main field of investigation for TiO 2 based water splitting cells was to improve the optical and electrical properties of the layer. The ultimate goal in early efforts can be categorized in two main perspectives: 1) extension of light absorption toward longer wavelengths (visible and infrared) to generate higher density of electron-hole pairs, and 2) minimizing the recombination losses to increase the collection efficiency of the carriers. From optical perspective, elemental doping using metal and non-metal particles [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , hydrogen treatment [25] [26] [27] [28] [29] [30] , semiconductor sensitization [31] [32] [33] [34] [35] [36] [37] , dye sensitization [38] [39] [40] [41] [42] [43] [44] [45] , and plasmonic metal incorporation [46] [47] [48] [49] [50] [51] [52] [53] [54] are examples of the ideas on the development of PEC performance of the TiO 2 . As discussed above, the ultimate goal of these studies is further improvement in light absorption toward longer wavelengths as visible (Vis) and near infrared (NIR) regimes. However, this is not the only requirement that should be satisfied to achieve better PEC performance. In the other words, besides the generation of high density of carriers, we need to collect them through the external circuit to be able to make electricity. Thus, the electrical properties of TiO 2 should also be developed to increase collection efficiency of the device performance.
Reviewing the PEC water splitting, it can be realized that, for water oxidation process, the photo-induced holes should transfer toward the semiconductor/electrolyte interface before they recombine with their conjugates (which are electrons). Therefore, it is necessary to spatially isolate electron and hole pairs to prolong their lifetimes. This could be achieved by coating a TiO 2 nanostructure with another metal oxide, which has a proper conduction and valance band position [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . Although, this heterostructure design can selectively isolate electron and hole carriers, the existence of a relatively thick shell layer (with a thickness in the order of tens of nanometers) will increase the path length of holes to reach the semiconductor/electrolyte interface. Considering the short diffusion length of holes (compared to that of electrons), this could significantly block this passage. Moreover, in the case that the shell layer has an amorphous or polycrystalline nature, the existence of bulk and surface trap states can cause further reduction.
Based on a recent theoretical study 69 , the electron transfer rate from a semiconductor coated with a large band gap metal oxide to a representative molecular receptor exponentially declines as the shell layer thickness exceeds 2 Å. It was found that the first atomic layer deposition (ALD) cycle can significantly passivate surface traps without hampering the tunnelling probability of the carrier. However, subsequent cycles have a minimal effect on the passivation of surface traps but engender an exponential decay in the tunnelling probability of the carrier. Therefore, based on the dynamics of photoexcited carriers, the optimum operation can be obtained in a single ALD cycle coated design. Moreover, it was proved that increasing the height of the barrier, which is the energy difference between the photogenerated electron and the bottom of the conduction band of the barrier shell material, results in steeper exponential drops in the tunnelling rate. Later, these findings were experimentally demonstrated in solar cell applications where a sub-nanometer shell layer could significantly boost the device efficiency [70] [71] [72] [73] . In a recent study, we showed that a single ALD cycle of ZnO can significantly improve the photocatalytic behavior of the TiO 2 NWs over the degradation of dye as an organic pollutant 74 . It was found that a single ALD cycle can efficiently passivate the surface traps while keeping the valence band holes' contribution up via tunneling across the ultrathin ZnO layer. A substantial improvement in electron transfer dynamics can be attained by tuning the band alignment between the core and shell layers. Reducing the barrier height for hole tunnelling can be another factor which could further increase the carrier injection probability. This could be achieved by adopting proper deposition temperature for ALD ZnO layer. Thus, it is envisioned that deposition of a single ALD cycle of ZnO in a proper temperature could significantly increase the photocatalytic performance of the design.
In this work, we experimentally demonstrate that a single ALD cycle coating of ZnO shell can improve the PEC water splitting performance of hydrothermally grown TiO 2 NWs core. It was found that such an angstrom thick layer can efficiently passivate trap states in the surface of TiO 2 NWs. To further optimize the ZnO coating, the deposition temperatures have been chosen as 80 °C, and 250 °C. It was found that 80 °C TiO 2 -ZnO has the highest PEC activity compared to those of 250 °C TiO 2 -ZnO and bare TiO 2 samples. This was attributed to smaller energy difference between valance bands of TiO 2 and ZnO which this in turn increases the tunnelling probability of photogenerated holes. The characterization results also prove these statements that this single ALD cycle of ZnO has efficiently passivated surface traps of TiO 2 NW. Moreover, by altering the deposition temperature, the band alignment between TiO 2 and ZnO layers can be tuned in a controlled manner to facilitate the carriers transfer dynamics. Finally, due to the ultrathin nature of ZnO coating, the proposed structure has retained its chemical stability almost intact over a long duration of light irradiation. Figure 1 schematically represents the fabrication route of the proposed TiO 2 -ZnO structure. The details of materials, photoanode preparation, and characterizations have been provided in supplementary information. In summary, similar to our previous works 75, 76 , we first synthesize TiO 2 NWs using hydrothermal method at 180 °C for a duration of 4 hours. Later, these NWs were annealed at 450 °C for 2 hours to improve their mobility and to remove the possible surfactants from their surface. Finally, the samples were transferred into an ALD chamber to coat them with single ALD cycle of ZnO shell at two different temperatures of 80 °C and 250 °C. These temperature values are lower and upper limits of our ALD system. Below the lower limit, the coating could be incomplete due to slow reaction kinetics and above the upper limit cannot be provided with our ALD system. The details of the ALD process are provided in the experimental section. Figure 2a depicts the top SEM image of the synthesized ZnO coated TiO 2 NWs. As this graph clearly implies, the obtained NWs have a high packing density and random orientation that enables them to efficiently harvest the light. Moreover, the cross sectional SEM image of the architecture reveals that the NWs have an approximate length of 1.8 µm (see Fig. 2b ). As depicted in Fig. 2c , TEM image shows that the mean diameter of the NWs is about 110 nm. Moreover, the crystallinity phase of the material can be scrutinized by looking at its high resolution TEM (HRTEM) image. HRTEM image, shown in Fig. 2d Fig. 2e -f, a uniform coating has been achieved on NWs' surface that is due to the nature of ALD process. A closer look can provide us important information on the crystallinity phase of the synthesized ZnO shells. As shown in these panels, the sample that has been prepared at the deposition temperature of 250 °C have better crystallinity compared to that of 80 °C. More specifically, a higher deposition temperature could facilitate the formation of larger grains where more atoms are aligned in a specific direction. These grains are smaller for the case of a lower deposition temperature. Therefore, it can be envisioned that in the case of single ALD cycle deposition, bigger ZnO crystalline particles are wrapped around the TiO 2 NWs. Consequently, this offers a facial bottom up approach to tune the ZnO crystalline size and this in turn could tune the electronic band structure and the optical properties of the material. To confirm this statement, X-ray photoelectron spectroscopy (XPS; Thermo, K-Alpha monochromated high-performance XPS spectrometer) measurements are carried out to monitor the composition of each layer and their interface. The elemental composition data have been depicted in Table S1 . For this aim, we first carried out the XPS measurement on bare TiO 2 NWs, and bulk ZnO deposited at 80 °C and 250 °C as plotted in Fig. 3a c. From bare TiO 2 NWs spectrum, the core level binding energy of Ti2p 3/2 is located at 458.82 eV. Moreover, the binding energies of Zn2p 3/2 for 80 °C and 250 °C deposited bulk ZnO samples are placed at 1021.74 eV, and 1021.64 eV, respectively. In addition, we need to determine the energetic positions of valance band maxima (VBM) for each sample. These values are calculated by intersection of the linear portion with the background line of each spectrum. The VBM values are found to be 2.71 eV, 2.88 eV, and 2.92 eV for bare TiO 2 NWs, 80 °C and 250 °C bulk ZnO, respectively. Later, the XPS measurements are conducted on single cycle coated 80 °C TiO 2 -ZnO and 250 °C TiO 2 -ZnO heterostructure to examine the core level spectra of these samples. As plotted in Fig. 3d -e, the energetic position of Ti2p 3/2 and Zn2p 3/2 are placed at binding energies of 458.65 eV and 1021.86 eV for the 80 °C TiO 2 -ZnO sample. These values are found to be 458.63 eV and 1021.83 eV for 250 °C TiO 2 -ZnO as exhibited in Fig. 3g -h. Besides these values, the optical band gap (E g ) for each layer is needed to find the band alignment between these two semiconductors. To obtain the band gaps, we have first adopted a combinational spectroscopy method on each sample to determine the absorption profiles at a wavelength range of 320 nm to 500 nm. For this aim, we first obtained the transmission spectra (T) of the samples using UV-Vis-NIR spectroscopy. It should be mentioned that NWs with dimensions comparable with incident light wavelength can significantly scatter the light and block its transmission. Therefore, the spectroscopy results from such samples may not have been accurate. To avoid this issue, we synthesized shorter TiO 2 NWs in which the hydrothermal process is conducted for duration of 1 hour. While 4 hour grown NWs have a quite hazy appearance (that shows their high level of light scattering), these shorter samples were transparent. Later, the reflection (R) of the design is measured in the required range, using an ellipsometry device. To suppress the effect of reflection from the back surface, translucent (cloudy looking) Scotch tape is adhered on the bottom of the samples. Finally, the absorption (α) spectra of these samples are obtained using the following formula of α = 1 − R − T. Figure S1a plots the absorption spectra for each of these layers. From this data, the Tauc plot is calculated using the formula of (αω) 0.5 where α is the absorption coefficient and ω is the angular frequency and depicted in found to be 2.88 eV, 3.11 eV, and 3.01 eV. Having all of these values, we can determine the band alignment between TiO 2 and ZnO by using the following formula 72 :
Results and Discussion
where ΔE CL is the energy difference between the Zn2p (E ZnO ) and Ti2p (E TiO 2 ) core levels (CLs) in the TiO 2 -ZnO (heterojunction) NW sample,
is the binding energy difference between the CL and the valance band maximum (VBM) for bare rutile TiO 2 NWs,
ZnO is the binding energy difference between the CL and the valance band maximum (VBM) for bulk thick bare ZnO coating, E g TiO 2 is the optical band gap of the TiO 2 NWs,E g ZnO is the optical band gap of the bulk ZnO layer, ΔE C and ΔE V are the energy difference between conduction and valance bands of TiO 2 and ZnO in the heterojunction design. ΔE V is found to be 0.46 eV for 80 °C TiO 2 -ZnO and 0.59 eV for the case of 250 °C. Moreover, the ΔE C values are 0.23 eV and 0.46 eV for these cases. Thus, these results prove that the coating of a ZnO layer at lower temperatures would shift the energetic positions of the bands toward positive values. This phenomenon can be explained taking the TEM results into consideration. In the previous part, we showed that the size of crystalline regions is smaller for the case of lower deposition temperature. Consequently, due to the quantum confinement effects, smaller crystalline particles can provide a positive shift in the energetic positions of both conduction and valance bands 77 . Therefore, these XPS results are in line with our expectations from the TEM measurement. Based on previous studies calculations 69 , it was demonstrated that the increase in the height of the barrier, which is the energy difference between the photogenerated hole and the top of the valence band of the shell material in our case, results in steeper exponential drops in the tunneling rate of carriers. From this perspective, the 80 °C deposited sample has a better carrier transfer dynamics and a higher PEC water splitting activity can be expected from this sample compared to that of the 250 °C one. The XPS measurement is not only used to provide information about the electronic band structure of the design but also it can be employed to study the surface properties of the layer. For this aim, the existence of surface defects, the O1s spectra of the samples can be analyzed and compared; hence, the core-level O1s spectrum of the bare and ZnO coated TiO 2 NWs sample can be deconvoluted into three Gaussian peaks, as explained in our previous studies 72, 74 . The major peak centered at 530 eV is attributed to the lattice oxygen (L O ) bonded to Ti +4 ions. The other Gaussian components with center binding energies of 531.4 eV and 532 eV are assigned to oxygen vacancy/ defects (V O ) and chemisorbed/dissociated oxygen species (C O ) on the surface of NW. Figure 4a -c plots the O1s spectra for three different cases of bare TiO 2 , 80 °C TiO 2 -ZnO, and 250 °C TiO 2 -ZnO, respectively. As this graph clearly implies, in the case of bare TiO 2 NW, the portion related to chemisorbed oxygen is negligible and relatively large density of the oxygen vacancy defects are probed on the surface. However, upon the coating of these NWs with a single ALD cycle of ZnO, the peak attributed to V O gets smaller and C O related peak gets larger amplitude. A more suitable qualitative comparison can be acquired by defining the ratio of areas related to each component. Figure 4b plots these ratios for all three samples. Based on this panel, the deposition of ZnO could reduce the V O related portion from 0.16 for bare TiO 2 to 0.11, and 0.09 for 80 °C, and 250 °C TiO 2 -ZnO samples, respectively. These values for C O cases are 0.02, 0.09, and 0.12, respectively. Therefore, from these findings, it can be concluded that the deposition of ZnO has passivated a part of vacancy defects. This phenomenon can be addressed by looking at the details of ALD process. In the ALD method, TiO 2 NWs are first exposed into water vapor as the source of oxygen. Based on the calculation of free energy by classical nucleation theory, the oxygen derived radicals have the tendency to be chemisorbed at the imperfections such as oxygen vacancies 72, 74 . Thus, it is expected that water molecules are attached into oxygen vacant positions and water-induced H ion is subsequently transferred into neighboring bridging oxygen atoms. This process has been schematically shown in Fig. 4e . This explanation is also in accordance with previous theoretical estimations that the first ALD cycle can significantly passivate surface traps while successive cycles have only a weak contribution 69, [71] [72] [73] [74] . This statement has been further proven by exposing titania NWs only to water pulse. The O1s spectra for TiO 2 NWs exposed only by single water ALD cycle at 250 °C is shown in Fig. S2 . Comparing with the O1s spectrum of bare TiO 2 NWs, we can clearly deduce that exposing NWs to water pulse has passivated the surface traps. However, the peak attributed to chemisorbed oxygen have been intensified. This is in agreement with our explanations in Fig. 4e . Based on the above-mentioned characterization results, it can be envisioned that the application of a single ALD ZnO layer could substantiate the PEC performance of the TiO 2 NWs. To evaluate the PEC performance of the samples, linear sweep voltammetry (LSV) measurements are carried out on the samples in both dark and under illumination conditions. For this aim, the photoanodes are placed inside PBS aqueous electrolyte (pH 7.02) in a three-electrode cell. At an applied potential of 0.62 V vs Ag/AgCl (corresponded to 1.23 V vs RHE), the photocurrent densities of the bare, 80 °C TiO 2 -ZnO, and 250 °C TiO 2 -ZnO samples are recorded to be 534 µA/ cm 2 , 785 µA/cm 2 , and 618 µA/cm 2 , respectively. Therefore, in line with our expectations, the single ALD cycle ZnO treatment has significantly improved the activity of bare TiO 2 NWs AND 80 °C TiO 2 -ZnO photoanode sample has the highest activity. To have a better qualitative comparison, the applied bias photon-to-current efficiency (ABPE) is calculated for all these three samples using the following formula:
where J is the photocurrent density at the specified applied potential (mA/cm 2 ), V th is the theoretical water-electrolysis voltage (1.23 V), V bias is the applied potential (V vs RHE), and P is incident power density of the light (mW/cm 2 ). According to the Fig. 5b , the maximum values for ABPE (recorded at applied bias value of 0.06 V vs Ag/AgCl) are 0.20%, 0.23%, and 0.29% for bare TiO 2 , 80 °C, and 250 °C TiO 2 -ZnO samples, respectively. Therefore, these results prove that deposition of a single ALD cycle at the proper temperature can improve the photoconversion efficiency of the bare TiO 2 NW sample with a factor of approx. 1.5. This proves the significance of the semiconductor/electrolyte interface in PEC WS cell, where the efficient passivation of surface defects could promote the water splitting process. Moreover, the smaller energy barrier in the case of an 80 °C deposited sample will increase the tunneling probability of the generated holes. This could be further confirmed by looking at incident photon conversion efficiency (IPCE) values for the proposed samples. Figure 5c shows the IPCE curves for the bare and ZnO coated samples. As expected, all three samples have only their response in the ultraviolet (UV) range which is in line with the fact that TiO 2 has no absorption in the visible regime. However, single ALD ZnO coated samples have larger IPCE values compared to that of bare TiO 2 NWs. Considering the fact that the deposition of an ultrathin ZnO shell cannot significantly change the absorption capacity of the TiO 2 NWs, this enhancement is attributed to improvement in charge collection and transport capability of the treated samples. Another important factor that defines the feasibility of a photoanode for the long-term applications is its photocurrent stability. To evaluate this parameter, samples have been exposed to incident solar spectrum for 4000 seconds and the decay of the photocurrent densities have been recorded throughout this time. As clearly plotted by Fig. 5d , all three samples have relatively stable response under light illumination. The small reduction in the photocurrent values is due to the formation of bubbles in the surface of photoanode. This is an important feature that cannot be realized for thicker ZnO layers where a significant reduction in the photocurrent values is recorded due to the photocorrosion of the ZnO layer 59, 60 . However, in our case, the ZnO is rather a passivating coating that terminates surface defects rather than being a continuous layer. Therefore, while it improves the PEC activity of the TiO 2 NWs, it does not diminish the chemical stability of the system. Therefore, all the obtained characterization findings prove the raising of the PEC performance of TiO 2 NWs upon coating it with single ALD ZnO layer. However, further characterizations are required to elucidate the differences between 80 °C and 250 °C treated TiO 2 -ZnO samples.
One of the useful characterizations that can provide detailed information about the interface of a photoanode is Mott-Schottky measurement. By performing electrochemical impedance spectroscopy (EIS) measurements in a three-electrode cell with varying the applied voltage bias, the Mott-Schottky profiles have been calculated and depicted in Fig. 6a . The measurement has been conducted at a high frequency of 5 KHz to ensure that the contribution of surface state capacitance can be safely neglected. It is known that this profile can be fitted into following relation which is called Mott-Schottky equation:
where CSC is the space charge layer capacitance, e is the charge of an electron, ε is the relative permittivity of the semiconductor which TiO 2 in our case, ε 0 is the vacuum permittivity, A is the surface area, N d is the majority carrier density, V Applied is the applied voltage (vs. Ag/AgCl), V fb is the flat band potential, k B is Boltzmann constant, and T is the absolute temperature. V fb can be found by the interpolation of the linear fitting of the transition region of Mott-Schottky plot with the x-axis. Based on the profiles obtained in Fig. 6a , the V fb s are extracted as −0.48 V, −0.43 V, and −0.35 V (vs Ag/AgCl) for bare, 80 °C TiO 2 -ZnO, and 250 °C TiO 2 -ZnO, respectively. Therefore, the introduction of a single ZnO layer into TiO 2 NWs imposes a positive shift in the energetic location of V fb . This shift is more pronounced for the case of 250 °C TiO 2 -ZnO. Essentially, the flat band potential is the potential in which the surface band bending is disappeared and this is equivalent to the Fermi level in semiconductors. On the other hand, considering the fact that the Fermi level of an n-type semiconductor is located within the band gap, slightly below its conduction band edge, it can be expected that this value gives a fair measure of the position of conduction band minima for three different cases. From the XPS results, we found the band alignment in the TiO 2 -ZnO interface for two different cases of 80 °C and 250 °C deposited ZnO samples. It is worth noting that the energetic location of the sample treated at 80 °C is placed at more positive energy levels compared to that of 250 °C. Therefore, the obtained Mott-Schottky results confirm those of the XPS ones in which a lower deposition temperature could offer a more suitable band alignment for the TiO 2 -ZnO NW design. Moreover, the majority carrier density (N d ) of the semiconductor photoanode can be extracted from the slope of this graph. A smaller slope proves the existence of the high density of free carriers and higher electrical conductivity which this, in turn, means a much higher collection efficiency of photo-induced electrons. It should be mentioned that an absolute value of carrier densities can only be attained in the case of a flat planar photoanode in which the geometrical area is equal to the active surface area. However, in our case which is made of a tightly packed TiO 2 NWs, the real surface area of the electrode is much higher than that of the planar geometrical area. However, this slope can still be used to compare the carriers' densities in the proposed three different photoanodes. Taking the Mott-Schottky profile of bare TiO 2 NW as the normalization factor, the slopes for 80 °C and 250 °C TiO 2 -ZnO heterostructure are found to be 0.36 and 0.59 times of that of bare one. This means that the majority carrier density of 80 °C TiO 2 -ZnO photoanode is 2.77 times larger than that of bare while this enhancement factor is 1.69 for the case of 250 °C TiO 2 -ZnO. This is mostly attributed to the passivation of surface defects of TiO 2 NWs upon coating the single ALD cycle of ZnO in which this passivation could mitigate carriers' recombination and this consequently results in higher electrical conductivity. In addition, the more energetically suitable band alignment in the case 80 °C treated sample can provide more efficient electron-hole pair separation in the TiO 2 -ZnO interface and accordingly higher density of free carriers. Further insight into the interfacial charge transfer in TiO 2 -ZnO photoanodes can be acquired by means of open-circuit potential decay (OCPD) measurement. For this aim, the photoanode sample is exposed to solar spectrum irradiation to stabilize the open-circuit potential (V OC ). Afterward, the illumination is turned off and the subsequent decay of photovoltage is recorded as a function of the time. As illustrated in Fig. 6b , all the photoanodes experience a negative shift under light illumination compared to that in dark condition. This is due to the fact that upon the excitation of a semiconductor, photo induced electrons are transferred to conduction band and consequently Fermi level rapidly shifts to more cathodic potentials. Once illumination is terminated, the V OC returns to its initial value in the dark condition via the recombination of photogenerated carriers. The accumulated electrons are recombined through two main paths: 1) band-to-band transition in which the electrons in conduction band recombine with holes in valance band which is the dominant recombination process in the bulk of semiconductor, 2) band-to-surface transition where the recombination is mediated with shallow and deep surface traps and this kinetically faster compared to an earlier one. The decay rate of this process is a measure of the kinetics at the semiconductor/electrolyte interface and the lifetime of the electrons can be calculated by the following equation:
where τ n is electron lifetime, k B is the Boltzmann constant, T is the temperature (room temperature of about 300 K), e is the charge of an electron, and V oc is the open-circuit voltage at a specific time t. As already mentioned, the existence of two recombination mechanism imposes two different exponential decay rates in which the portion related to band-to-surface recombination has faster dynamics with abrupt decay. Therefore, the slope of V oc decay in the exact moment after the light turns off could give us the right information about the interfacial charge transfer process. The inset of Fig. 6b shows a magnified version of the OCPD profile at the moment of light cut off. As can be clearly seen from this figure, the slope is the smallest for the case of 80 °C TiO 2 -ZnO and it gradually increases for 250 °C TiO 2 -ZnO and bare TiO 2 photoanodes. Using the above equation, the electron lifetime is calculated to be 0.04 s, 0.052 s, and 0.048 s for bare TiO 2 , 80 °C TiO 2 -ZnO, and 250 °C TiO 2 -ZnO, respectively. These results again confirm the fact that a proper charge separation can be realized in the case of ZnO coated TiO 2 NWs. This is mainly due to the passivation of surface traps and the existence of a proper band alignment between ZnO and TiO 2 layers. Moreover, the smaller energy difference between the conduction band minima of ZnO and TiO 2 , in the case of 80 °C deposited ZnO, makes the electron injection more likely compared to that of 250 °C and, therefore, the electron lifetime is further prolonged. It should be mentioned that the existence of adsorbed chemical species (during the preparation of the sample) can also affect potential of photoelectrodes. However, as mentioned in the method section of the paper, the samples were rinsed with DI water to remove residual solvent, and calcined at 450 °C for 2 hours in a tube furnace under air. By this way, all chemical residues are removed from the sample.
A deeper insight into the charge transfer process inside the proposed photoanodes can be obtained by employing an EIS spectroscopy measurement that is carried out in a frequency range of 0.1 Hz-10 KHz using an AC amplitude of 10 mV at the open circuit potential of the system. The Nyquist plots, where x and y-axes are the real part (Z′) and the negative of imaginary part (−Z″) of the impedance, respectively, represents the charge-transfer process in the photoelectrochemical system. Figure 6c exhibits the Nyquist profiles for these three different photoanodes in the dark condition. Plots have a semicircle shape at high frequencies and an inclined semi straight lines is the profile that is recorded in lower frequency regions. At large frequency limits, the intersection point of Nyquist plot with the x-axis represents the internal resistance of the system (R s ), including the intrinsic resistance of the photoelectrode active material, bulk resistance of the electrolyte solution, and contact resistances. Moreover, the diameter of the semicircle depicts the interfacial charge transfer resistance (R ct ) at the interface of semiconductor/electrolyte. At the low frequency limits, the semi linear line is inversely corresponded to the Warburg impedance or diffusion resistance. Therefore, a steeper line means lower ion diffusion resistance. As plotted in the inset of Fig. 6c , the Bare TiO 2 has a much larger semicircle compared to those of ZnO coated samples indicating the lower R ct values for these treated samples, which is an expected result when taking the previous results into consideration. At the other end of the scale, the straight line slope is the largest for 80 °C TiO 2 -ZnO and it declines gradually for 250 °C TiO 2 -ZnO, and TiO 2 NWs. The better ion diffusion can be ascribed to the enhanced conductivity possessed in the core-shell structure. Upon shining these samples with solar irradiation, however, the impedance values significantly reduce, which is due to the photogeneration of electron-hole pairs. The Nyquist plot under light irradiation is made of two arcs where the diameter of these circles corresponds to charge transfer resistances, as shown in Fig. 6d . To have a better analogy, the obtained profiles are fitted to the circuit model shown in the inset of Fig. 6d . In this model, R s is the series resistance of the cell (including the FTO, electrolyte, etc.), R ct models the charge transfer dynamics in semiconductor/electrolyte interface, C ct is the corresponded double layer capacitance, R sc is the charge transfer resistance in the semiconductor bulk, and C sc is associated to depletion layer capacitance in the PEC water splitting cell. Moreover, a constant phase element (Ø) is employed to model the imperfect capacitance because a pure capacitance is an inaccurate choice for describing the semiconductor/electrolyte solution in actual electrochemical process. According to the fitting findings, the R ct values for bare TiO 2 , 80 °C TiO 2 -ZnO, and 250 °C TiO 2 -ZnO are found to be 266 Ω, 5.95 Ω, and 15.27 Ω, while the resistance values for R sc are extracted as 285 Ω, 276 Ω, and 315 Ω, respectively. Based on these findings, the charge transfer dynamics in semiconductor/electrolyte interface have been significantly improved which this further proves the fact that a single ALD cycle of ZnO has passivated trap states in the TiO 2 NWs surface. Moreover, the similar R sc resistances for all three cases are an expected feature considering the fact that the modification is in the surface of TiO 2 NWs, not in its bulk.
Conclusion
In this study, significant water splitting performance enhancement of TiO 2 NWs was obtained upon coating with a single ALD ZnO layer at proper deposition temperature. Our findings demonstrate that this angstrom thick layer has positive impact on the activity of TiO 2 NWs. This improvement is attributed to the defects passivation characteristic of a ZnO layer. As a result of this passivation, the recombination rate of carriers reduces and the density of free carriers is improved. Further improvement in photocatalytic activity of titania NWs can be acquired by choosing the proper deposition temperature. It was found that the layer deposited at a lower temperature has better band alignment and electron transfer dynamics as in the case of 80 °C TiO 2 -ZnO. Originating from all these improvements, the maximum ABPE values are substantiated to 0.23%, and 0.29% for 80 °C, and 250 °C TiO 2 -ZnO samples from the nominal efficiency of 0.2% for bare case. The stability test also reveals that the proposed structure retains its current high under long-term operations. This is mainly due to the ultrathin thickness of ZnO where the layer only passivates the surface traps rather than making a continuous layer. Taking all into account, this study reveals that an angstrom thick layer could significantly improve the photoelectrochemical activity of the photoanode. As the second choice, proper choice of the deposition temperature could substantially intensify this improvement by tuning the interface band alignment in the heterojunction design. The findings of this paper can be utilized in other metal oxide combinations where an angstrom thick passivating layer can lead to higher PEC activity while keeping the long-term stability of the host material intact.
